Hyperglycemia-induced renal fibrosis causes end-stage renal disease. Clopidogrel, a platelet inhibitor, is often administered to decrease cardiovascular events in diabetic patients. We investigated whether clopidogrel can reduce diabetes-induced renal fibrosis in a streptozotocin-induced type 1 diabetes murine model and fibronectin involvement in this protective response. Diabetic and age-matched controls were sacrificed three months after the onset of diabetes, and additional controls and diabetic animals were further treated with clopidogrel or vehicle for three months. Diabetes induced renal morphological changes and fibrosis after three months. Clopidogrel, administered during the last three months, significantly decreased blood glucose, collagen and fibronectin expression compared to vehicle-treated diabetic mice. Diabetes increased TGF-β expression, inducing fibrosis via Smad-independent pathways, MAP kinases, and Akt activation at three months but returned to baseline at six months, whereas the expression of fibronectin and collagen remained elevated. Our results suggest that activation of TGF-β, CTGF, and MAP kinases are early profibrotic signaling events, resulting in significant fibronectin accumulation at the early time point and returning to baseline at a later time point. Akt activation at the three-month time point may serve as an adaptive response in T1D. Mechanisms of clopidogrel therapeutic effect on the diabetic kidney remain to be investigated as this clinically approved compound could provide novel approaches to prevent diabetes-induced renal disease, therefore improving patients' survival.
Introduction
Diabetes is a chronic, progressive disease. Recent estimates indicated that 30.3 million people in the United States had diabetes in 2017, accounting for 9.4% of the total U.S. population (National Diabetes Statistics Report, 2017) [1] . The prevalence of chronic kidney disease (CKD) among U.S. adults with diagnosed diabetes was approximately 36.5% during 2011-2012 [2] .
Diabetic nephropathy (DN) is a diabetic complication caused by glomerular hypertrophy, proteinuria, glomerular filtration, and renal fibrosis. In diabetic patients, hyperglycemia-induced renal fibrosis causes end-stage renal changes such as renal failure, which are the leading causes of death from Ivyspring International Publisher diabetic complications. A characteristic pathological change in DN is progressive mesangial expansion caused by accumulation of extracellular matrix (ECM) [3] .
In general, the ECM consists mainly of fibronectin (FN), collagens (including types I and IV), laminin, and proteoglycans [4] . Elevations of glucose levels lead to a significant increase in FN matrix assembly; meanwhile, collagen IV deposition is dependent on FN assembly [5] . The imbalance between the synthesis and breakdown of the ECM induces glomerulosclerosis and tubulointerstitial fibrosis. Liver-specific FN conditional knockout mice had no circulating FN and these mice were protected from STD-induced T1D, renal fibrosis and albuminuria, suggesting a critical role of circulating FN in these events [6] . The improvement of renal fibrosis in a hyperglycemic state is the most concerned aspect of the current treatment. The mechanism of FN overexpression is not yet completely understood although, several previous studies implicated the upregulation of the transforming growth factor-beta (TGF-β) and the platelet-derived growth factor [7] . The stimulation of rat mesangial cells with TGF-β in another study caused an increase of collagen I and FN expression [8] . However, adverse outcomes may result from anti-TGF-β therapy due to the multiplicity of TGF-β functions. Thus, effective preventive approaches have been actively explored for the reduction of renal complications such as renal fibrosis in diabetic patients.
Significant alterations of platelet function and their hyper activation in diabetic patients [9] have led to current medical guidelines recommendations of prophylactic treatment, such as once-daily administration of low-dose aspirin (acetylsalicylic acid) to decrease platelet activation and for primary and secondary prevention of cardiovascular (CV) events in high-risk diabetic patients [10] . However, emerging clinical evidence indicates that aspirin does not prevent CV events in adult diabetic patients better than placebo [11] . A recent study reported that administration of clopidogrel as an alternative to aspirin, decreased stroke recurrence and CV outcomes in patients with type 2 diabetes (T2D) [12] . However, clopidogrel combined with aspirin increased the total mortality compared to aspirin alone [13] , suggesting that it would be better to use clopidogrel alone.
Clopidogrel belongs structurally to the thienopyridine group of antiplatelet medications and specifically inhibits the ADP-dependent platelet aggregation and adhesion via inhibition of the purinergic P2Y12 receptor. A series of studies demonstrated the anti-fibrotic properties of clopidogrel exerted through the TGF-β pathway. Clopidogrel attenuated the renal cortical fibrin deposition of rats which underwent five-sixths nephrectomy and effectively prevented the early progression of renal injury [14] . Clopidogrel decreased TGF-β mRNA expression levels in mice which had received orthotopic tracheal transplantation [15] .
Nevertheless, the possible protective effect of clopidogrel on renal fibrosis in diabetes has not yet been studied, which prompted us to conduct our present investigation. Accordingly, in this study, we aimed to elucidate whether treatment with clopidogrel can reduce diabetes-induced renal fibrosis in a murine model and, if so, whether inhibition of FN is involved in this protective response.
Materials and methods

Animals
13-week-old C57BL/6J male mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). The mice were housed at the University of Louisville Research Resources Center and maintained at a temperature of 22 °C with a 12-hour light/dark cycle for free access to food and water. All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Louisville, which is certified by the American Association for Accreditation of Laboratory Animal Care. The experiments were conducted in compliance with the Guide for the Care and Use of Laboratory Animals, published by the US National Institutes of Health (NIH publication, revised 2011).
Establishment of a T1D mouse model and treatment with clopidogrel
As outlined in Fig. 1A , after 1 week of acclimation, 15 mice were injected I.P. with streptozotocin (STZ) (Sigma-Aldrich, St. Louis, MO, USA) that was freshly dissolved in 0.1 mol/L of citrate acid buffer, pH 4.3-4.5 at a dosage of 55 mg/kg body weight daily for five consecutive days. Additional 15 mice as controls (Ctrl) were injected with a vehicle solution (0.1 mol/L citrate acid buffer, pH 4.3-4.5). Seven days after the last STZ administration, hyperglycemic mice (3-hour fasting blood glucose ≥250 mg/dL) were considered T1D (DM). This time point was defined as a baseline. The mice were raised with free access to food and water all along the protocol. Three months after diabetes induction, five diabetic and five control mice were sacrificed and blood and kidneys harvested. The remaining animals were divided in four groups (Fig.  1A ): Normal control with vehicle (Ctrl), Normal control with clopidogrel (Ctrl+ Clo), T1D (DM) with vehicle, and DM with clopidogrel treatment (DM+ Clo) and were treated with 20 mg/kg b.w./day clopidogrel (MedChemExpress, Monmount Junction, NJ, USA) or with vehicle administered in their drinking water for three additional months. At the end of experiment, mice were intraperitoneally anesthetized with Avertin (tribromoethanol, 350 mg/kg) and sacrificed to collect blood and kidneys for mRNA, protein, and histological analyses.
Urine creatinine
Mouse spot urine was collected at each time point using bladder palpation and stored at −80 °C until analysis. Creatinine concentration was measured by specific quantitative colorimetric assay, according to the manufacturer's protocol (BioAssay Systems, Hayward, CA, USA).
Blood Clotting Time
Blood clotting time was measured by mouse tail vein bleeding assay. In brief, using a surgical blade, the mouse tail was cut 1-2 mm away from the tip; the tail diameter was approximately 1 mm, the tail was immediately dipped in a 50-mL falcon tube filled with 37 °C saline and the bleeding time was recorded for a maximum of 5 min (300 s).
Histology and immunohistochemical staining
The collected kidneys were fixed in 10% formalin, dehydrated in graded alcohol series, cleared with xylene, embedded in paraffin, and sectioned at a thickness of 5 μm. Kidney sections were stained with hematoxylin and eosin (H&E). Sirius red staining was used to examine collagen deposition for kidney fibrosis as previously described [16] . The proportion of fibrosis (collagen) was quantitated using a Nikon Eclipse E600 microscopy system (Tokyo, Japan).
Standard immunohistochemical (IHC) staining was performed as previously described [17] . For the IHC staining, kidney tissue sections were stained with TGF-β, collagen I, collagen IV, laminin, and FN. The sections were developed with a DAB (3,3-diaminobenzidine) developing system (Vector Laboratories, Inc., Burlingame, CA, USA).
Western blot analysis
Western blots were performed according to the protocols previously described in detail [16] . The concentrations of primary antibodies varied from 1:1,000 to 1:3,000. The following primary antibodies were used: against the connective tissue growth factor (CTGF), β-Actin (Santa Cruz Biotechnology, Dallas, TX, USA); phosphor-extracellular signal-regulated kinases (p-ERK), total-ERK (t-ERK), phospho-phosphatidylinositide 3-kinases (p-PI3K), total-PI3K (t-PI3K), phospho-AKT (p-AKT), total-AKT (t-AKT), phosphor-P38 mitogen-activated protein kinases (p-p38), total-p38 (t-p38), phosphor-c-Jun N-terminal kinase (p-JNK), total-JNK (t-JNK), p-Smad2, Smad4 (Cell Signaling Technology, Beverly, MA, USA); and FN, TGF-β, collagen I, collagen IV, laminin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Abcam, Cambridge, MA, USA), Smad2/3 (BD Bioscience, San Jose, CA, USA). The expression levels of the proteins were normalized to that of β-actin or GAPDH, which were used as internal controls.
RNA isolation and real-time PCR
RNA isolation and real-time PCR were performed according to protocols previously described in detail [16] . In brief, total mRNA from kidney tissue was extracted using the TRIzol reagent (RNA STAT 60 Tel-Test; Ambion, Austin, TX, USA). cDNA was used in the specific assays by Real-Time PCR system (Life Technologies Corporation, Carlsbad, CA, USA) on demand target mixes (Applied Biosystems, Foster City, CA, USA). The expression levels of mRNA encoding for TGF-β, FN, collagen I, and collagen IV in the kidney tissue were determined and normalized to the level of GAPDH (Applied Biosystems). The cycle times (Ct) were then compared to determine the fold differences between samples.
Statistical analysis
Data were presented as mean ± standard deviation (SD) values (n = 5 per group). Multiple comparisons of data obtained for the different groups were performed by one-way analysis of variance (ANOVA), followed by Tukey's test in pairwise repetitive comparisons. All statistical analyses and graphing were conducted using the software GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, USA). A p value< 0.05 was considered statistically significant.
Results
Characteristics of the experimental model
The experimental model is depicted in Figure  1A . The body weight of the experimental animals remained unchanged (Figs. 1B; 2A) , whereas, the urine creatinine levels significantly decreased as the disease progressed (Figs. 1D; 2C) . It is noteworthy that in DM, the blood glucose levels (Figs. 1C; 2B) and the kidney weight/tibia length ratio (Figs. 1E; 2E) were higher than those of the Ctrl group for the three-six-month course of the experiments. 
Kidney fibrosis in T1D mice
Sirius Red staining and glomerular diameter, as quantified by H&E staining, significantly increased in DM mice compared to those of the controls at three months (Fig. 3A ) and higher at six months (Fig. 4A) . Immunohistochemistry and Western blotting results at three months revealed that the renal expression of TGF-β in T1D mice and laminin (Fig. 3A) increased concomitantly with the elevation of CTGF and FN levels (Fig. 3B) . However, the expression of FN mRNA, as well as the levels of Collagen I and TGF-β mRNA remained unchanged at three months, as determined by determined by real-time PCR (RT-PCR) (Fig. 3C) . Collagen IV did not change significantly at both the mRNA level (Fig. 3C ) and protein level (Fig. 3B) at three months. In contrast, the levels of FN protein and mRNA in T1D kidneys significantly increased at six months, as established by Western blotting and RT-PCR (Figs. 5A &B) . laminin, another important component of ECM, has an increasing trend in the DM group (Fig. 5B) . Collagen I mRNA expression in T1D kidneys also increased at six months DM, whereas the expression of CTGF at that point did not differ from that of the control (Fig.   5A ). However, TGF-β and collagen IV mRNA (Fig.  5A) and protein (Fig. 5B ) levels did not change significantly at six months. 
Clopidogrel ameliorated hyperglycemia-induced renal remodeling
The clopidogrel treatment started three months after the onset of diabetes, as illustrated in Fig. 1A , when T1D-induced kidney injury was established in DM mice. Treatment efficiency was confirmed by a bleeding test (Fig. 2D) , which showed an increase in the bleeding time (>300) in the clopidogrel-treated animals. The clopidogrel treatment did not affect the body weight ( Fig. 2A) or urine creatinine levels (Fig.  2C) ; however, it significantly decreased the blood glucose (Fig. 2B ) and kidney tibia ratio (Fig. 2E) .
Clopidogrel markedly ameliorated hyperglycemia-induced renal fibrosis,
T1D significantly altered the renal function and morphology, decreasing the urinary creatinine and increasing the glomerular diameter and collagen interstitial deposition (Figs. 3 A & 4A, B) . Immunohistochemical staining for laminin, collagen I, collagen IV, and FN revealed noticeable increases in the expression of these proteins in T1D at six months, which were attenuated by the clopidogrel treatment during the last three months of the disease (Fig. 4C) . RT-PCR analysis of the T1D kidney tissue showed significantly elevated mRNA levels of ECM molecules, such as FN and collagen I, which were reduced by the clopidogrel treatment (Fig. 5A) . Western blot analysis confirmed that the T1D-induced increase in the FN expression at six months was decreased by the clopidogrel treatment (Fig 5B) , in agreement with our immunochemistry and RT-PCR results (Fig. 4C & 5A) . Fibronectin levels increased progressively over time with disease progression, as established by Western blotting analysis quantitation. There was a 1.5-fold increase at three months in T1D and a 1.8-fold increase at six months vs. their respective controls (Fig. 5C ). However, despite elevated fibrotic markers, there were no notable differences in the mRNA levels of TGF-β, collagen IV and protein levels of TGF-β, CTGF, laminin, collagen IV and collagen I among all experimental groups at six months (Fig. 5A, B) .
Signaling pathways in the diabetic kidney that may mediate increased FN expression and fibrosis
Erk, Akt, and p38 but not JNK signaling pathways were activated at three months T1D (Fig  6A, B) . As profibrotic TGF-β expression increased, we investigated whether its downstream pathways, mediated by Smad proteins, were activated to promote FN expression and fibrosis. Western blotting analysis showed that Smad 2 and 4 were not activated (Fig 6C) , suggesting that TGF-β fibrogenic activity in the T1D kidney is mediated by Smad-independent pathways. Interestingly, early activation of Erk, Akt, and p38 signaling, as well as pre-fibrotic CTGF and TGF-β levels seen at three months (Fig. 6A, B) , returned to the control levels at six months (Fig. 7A,  B) . JNK and Smad proteins remained inactivated despite the further increase in FN and collagen expression (Fig. 7A, B) .
Discussion
To date, increasing evidence indicates that FN acts as a marker for the development of renal fibrosis. Here, we provide consistent evidence of T1D-induced renal fibrosis in a time-dependent manner from three to six months after diabetes onset. Platelet inhibition by clopidogrel treatment for the last three months was effective in reducing renal FN accumulation and fibrosis. The novel findings described in our murine T1D model may uncover novel therapeutic strategies that can decrease diabetic renal complications. In addition, this study advanced our knowledge in the following areas and aspects: (1) We describe the morphological and biochemical changes in the kidney of long-term diabetic mice. While most studies reported findings obtained for the period of up to 13-15 weeks after disease onset, our study examines the changes after a period of six months after diabetes onset; (2) We show that the induction of the profibrotic proteins CTGF and TGF-β and their upstream signaling occurs at three-month T1D as also shown in other studies, however being early markers of fibrosis their expression does not persist at the six month time point. However, the fibrogenic alterations in the kidneys continues to progress; (3) We are the first to uncover a role for clopidogrel in the reduction of blood glucose levels and diabetes-induced renal fibrosis in a T1D mouse model; (4) Clopidogrel may decrease FN expression and kidney fibrosis by lowering blood sugar levels or by an independent mechanism.
Renal hypertrophy has been considered a typical feature of renal early damage induced by hyperglycemia in STZ-induced T1D, which may result from glomerular hypertrophy and mesangial matrix overproduction [18] . Kidney hypertrophy, shortly after the onset of diabetes, has been confirmed by a number of other studies [19] and was associated with a poor renal prognosis in patients affected by T1D [20] . Our results concerning diabetes-induced renal morphological changes are in agreement with the evidence mentioned above. Glomerular hypertrophy (represented by the increased glomerular diameter; Fig. 3A and Fig. 4A&B ) and kidney hypertrophy (evidenced by increased kidney weight/ tibia length; Fig. 1E and Fig. 2E ) progressed from three months to six months after T1D onset and was significantly attenuated by clopidogrel treatment for the last three months of the six-month T1D model. Figure 6 . TGF-β-induced pathways and downstream target protein were activated in the kidney after three months T1D. Western blot analysis and quantification of (A) the ratios p-ERK/t-ERK, p-AKT/t-AKT, and p-PI3K/t-PI3K; (B) the ratios p-p38/t-p38 and p-JNK/t-JNK; (C) and the ratios p-Smad2/Smad2/3, and Smad4. Data represented as mean ± SD (n = 5 in each groups, *p < 0.05, vs Ctrl). The progressive accumulation of extracellular matrix (ECM) components led to kidney fibrosis. Previously, we found that kidney fibrosis developed in various diabetes mouse models such as both T1D mouse models (STZ-induced [21] and the genetic model in OVE mice) [22] , and even in a T2D model of C57BL/6J mice fed with high-fat diet inducing insulin resistance followed by STZ injection inducing mild hyperglycemia [23] . Considerable evidence indicates that collagen accumulation and FN deposition increase in the ECM; FN and collagen increased significantly in diabetes-induced renal fibrosis [4] , [24] . Here, we confirmed that the increase in FN accumulation was accompanied with renal fibrosis and progressed in a time-dependent manner and showed that FN at the six-month's time point was significantly higher than that at the three-month's time point (Fig. 5C ). The inhibition of Collagen and FN expression reportedly alleviated kidney fibrosis [25] . Our study found that clopidogrel treatment during the last three months significantly inhibited T1D-induced FN expression along with T1D-induced kidney fibrosis, as outlined in Fig. 8 . In the present studies, we demonstrated that T1D increases TGF-β along with increases in phospho-ERK, phospho-AKT and phospho-p38 expressions at three months diabetes only, TGF-β and renal fibrosis (collagens and FN) at both three months (blue arrowa) and six-months (red arrows). Clopidogrel treatment of DM mice at three months and on, markedly reduced renal fibrosis levels by down-regulating FN and collagen at six months.
Platelets exert pathogenic effects in various CV events, including diabetic CV events [26] . Hyperglycemia has been established to activate platelets in DM patients [27] [28] [29] . Therefore, low-dose aspirin has been recommended for primary and secondary prevention of CV events in diabetic patients [26] . However, no effective prevention of CV events by the administration of low-dose aspirin has been shown earlier, which might have been caused by the existence of resistance [11] . Therefore, owing to its effectiveness in the prevention of CV events and improvement of the survival of diabetic patients, clopidogrel may be able to successfully replace aspirin as an attractive therapeutic option in this respect [11] . Evidence revealed that clopidogrel treatment contributed to a greater improvement in the renal function and the inflammatory burden than that with aspirin [30, 31] . However, no report from a clinical study has so far elucidated whether clopidogrel also attenuates renal pathogenesis in T1D either preventively or therapeutically. Using a T1D mouse model, we provide here the first preclinical evidence to confirm that the three-month clopidogrel treatment at a relatively late stage of diabetes in mice with mild renal dysfunction resulted in a significant amelioration of renal fibrosis and reduced FN accumulation as assumed in Fig. 8 .
As previously reported, clopidogrel is likely to attenuate renal pathogenesis from different etiologies through inhibition of the TGF-β-mediated fibrotic signaling pathways [32] . Cell cultures, animal models, and clinical studies, provided evidence that TGF-β is a primary mediator of the hyperglycemia-induced fibrosis in diabetic renal injuries [33] . Reportedly, TGF-β mediates fibrotic pathogenesis via Smad-dependent and -independent pathways. TGF-β Smad-independent fibrotic signaling may be mediated by its activation of the MEK/Erk, Rho-like GTPases, and p38/mitogen-activated protein kinase (MAPK) in different tissues under different pathogenic conditions [34] . The activation of extracellular-regulated kinases (ERK) and p38 MAPK was also required for the collagen synthesis and accumulation under certain conditions [36, 37] . However, until now, studies on the TGF pathway have been conducted mainly in vitro, and its underlying mechanism in animals has not yet been completely understood [38] . In our T1D model, we observed an increase in the expression of TGF-β, and ERK, and P-38 MAPK phosphorylation, that may contribute to the development of renal fibrosis through the Smad-independent pathway, and is consistent with the findings reported in the above-mentioned studies [35, 36] . Our results suggest that the Smad-independent signaling activated by TGF-β at the early stage of T1D mice may play an important role in the development of progressive renal fibrosis, determined by increased FN and collagen levels. Nevertheless, this TGF-β -mediated signaling pathway did not subside at six months despite the further progression of the disease, as proposed in Fig. 8 . Therefore, additional mechanisms may mediate long-term progression of the disease. Although most studies implicate TGF-β in T1D-induced renal fibrosis, in agreement with our three months findings, longer term data are not available and our study uniquely examined the disease at six months. While the three months clopidogrel treatment clearly attenuates the progression of diabetes-induced renal fibrosis in diabetic mice. , the mechanisms underlying this beneficial effect will require further investigation in our future studies. The effect of clopidogrel treatment starting at the onset of diabetes rather than three months later, and its impact on TGF-β-mediated Smad-independent fibrotic signaling will be investigated in future. Based on previous reports of clopidogrel anti-fibrotic activity via TGF-β [13, 14] , administering the treatment at an earlier stage of the disease might have prevented the induction of TGF-β and FN expression and may have further decreased the negative renal consequences of T1D in our model. Clopidogrel may act by preventing platelet-induced vascular injury and oxidative stress, as hyper-reactive platelets in diabetic patients contribute to the pathology by not only triggering thrombus formation and microcapillary embolization, but also releasing constrictive, oxidative, inflammatory, and mitogenic substances [39] . In addition, clopidogrel may reduce fibrosis by systemically improving diabetic conditions. For instance, the present study showed a reduction in the glucose level at the last month of clopidogrel treatment (Fig. 3B ). All these assumed hypotheses are summarized in Fig. 8 , but remain to be examined in our future work.
In conclusion, we report novel findings specifically implicating clopidogrel-induced platelet inhibition in the improvement of diabetes-induced renal fibrosis. Our current results indicate that diabetes-induced renal fibrosis, accompanied by a significant increase in FN accumulation, can be substantially reduced by clopidogrel treatment for the last three months of the six-month of our T1D model. Although the mechanisms involved in the therapeutic role of clopidogrel in T1D-induced renal fibrotic pathogenesis remain to be elucidated, the potential for clinical application of this commonly used medicine is significant (Fig. 8) . Our findings also raise the question whether administering the treatment earlier, closer to the time of diagnosis of diabetes, may prevent the onset of renal complications in diabetic patients.
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